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fAbst ract \

Human papillomavirus (HPV) positive oropharyngeal squamous cell carcinomas, associated with
improved patient outcome, exhibit increased expression of the cyclin dependent kinase inhibitor
2A (CDKN2A) tumor suppressor pl6(INK4a), while inactivation of the CDKN2A locus is
frequently observed in HPV negative head and neck squamous cell carcinoma. We recently
identified a novel region of intragenic DNA hypermethylation within the CDKNZ2A locus that
correlates with RNA expression of two CDKN2A transcripts and improved patient outcome in
oropharyngeal and laryngeal squamous cell carcinomas. Given the importance of CDKN2A
expression in HPV-positive oropharyngeal squamous cell carcinoma, we chose an in vitro model
using primary keratinocytes transduced with HPV type 16 oncogenes E6 and E7 to study the
relationship between CDKN2A methylation and expression. RNA levels for CDKN2A transcripts,
pl4(ARF) and pl6(INK4a), as well as keratinocyte differentiation markers and HPV type 16
oncogenes were assessed by real time reverse transcriptase-PCR in the primary cells and after
transduction with E6 and E7 at two time points. Intragenic CDKN2A methylation status, before
and after transduction, was determined by the Methylation Sensitive High Resolution Melting
Assay followed by sequencing. High levels of HPV oncogene expression lead to an increase in
both  CDKNZ2A transcription and intragenic methylation. However, CDKN2A expression
increased early post-transduction, while there was a clear delay in intragenic methylation.
Methylation eventually increased suggesting that intragenic methylation is not required for
transcription at the CDKN2A locus, and that methylation may be a consequence of open and
active chromatin.
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1. Introduction

Human  papillomavirus  (HPV)
positive head and neck squamous cell
carcinoma (HNSCC) has been established as
a disease with separate etiology and distinct
pathologic and molecular characteristics
from HPV-negative HNSCC 3 and we
have previously shown a decrease of
genotypic variation at the RNA level among
HPV-positive oropharyngeal squamous cell
carcinomas (OPSCC) “ HPV infection
(primarily with the high-risk serotypes,
HPV-16 and HPV-18) drives carcinogenesis
via the action of the E6 and E7
oncoproteins, which respectively inhibit the
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tumor suppressors, p53 and Retinoblastoma
(Rb) (Figure 1). HPV-positive OPSCC is
strongly associated with high tumor cell
expression of pl6, which, along with the
pl4 protein, are the main products of the
cyclin dependent kinase inhibitor 2A
(CDKN2A) gene. Immunostaining for pl16
is commonly used as a surrogate marker for
HPV infection in OPSCC. Clinically, HPV
infection in OPSCC is associated with
improved response to therapy and patient
survival 13; pl6 expression has been
established as an independent prognostic
factor for survival in OPSCC !, and has been
reported to be associated with improved
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outcomes in HPV-positive non-
oropharyngeal HNSCC . Though HPV has
been implicated as a growing cause of
HNSCC, the molecular events that occur

during the complex process of HPV-
mediated carcinogenesis in OPSCC are not
fully understood.

HPV Dysregulation of the Interconnected CDKN2A Pathways
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Figure 1: HPV oncogenes E6 and E7 disrupt the interconnected p14(ARF) and p16(INK4a) pathways. To
avoid apoptosis and ensure continued cellular proliferation, HPV-16 oncogenes E6 and E7 inhibit p53 and
RB. The CDKN2A transcript p16(INK4a) is an upstream member of the RB pathway, and is upregulated
via a negative feedback loop with RB and aberrant proliferative signals. CDKN2A transcript p14(ARF) is
an upstream member of the p53 pathway but it is also a downstream member of the RB pathway, thus
connecting the RB and p53 pathways. The p14(ARF) transcript is upregulated by E2Fs and via a negative
feedback loop with p53. In cells expressing HPV-16 E6 and E7, p53 and RB expression remains low,

sending feedback signals for CDKN2A transcription.

HPV-negative and HPV-positive HNSCC
are molecularly and biologically distinct.
Both forms of HNSCC exhibit fundamental
disruption of key tumor suppressors and cell
cycle regulators, albeit via very different
mechanisms ' Most  HPV-negative
HNSCCs lose expression of p16 via deletion
or silencing of CDKN2A and lose p53
function via mutation of the tumor protein
p53 (TP53) gene. In comparison, the
CDKN2A and TP53 genes remain intact in
HPV-positive OPSCC since p53 and Rb
function are disrupted via E6 and E7
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activity, and CDKN2A transcripts have been
demonstrated to be overexpressed in HPV-
positive disease 89 including OPSCC *°.
Global methylation events, known to be
significantly altered in cancer cells, also
appear to differ between HPV-positive and
HPV-negative HNSCCs. Work by our
group ' and others !2* describe major
differences in DNA methylation patterns
between HPV-positive and HPV-negative
HNSCCs. The expression of HPV
oncogenes alters methylation of the viral and
the host genome !* via the indirect
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upregulation of DNA methyltransferase |
(DNMT1) by E6 *® and direct stimulation of
DNMT1 activity by E7 °. Thus, the global
methylation changes seen in HPV-positive
HNSCC may be due to aberrant DNMT1
expression and activity.

Most work examining DNA
methylation changes in cancer has focused
on the hypermethylation of CG dinucleotide
(CpG) enriched regions, also known as CpG
islands, in promotor regions and the role of
gene silencing in the process of
carcinogenesis 1, However,
hypermethylation of CpG islands within the
gene body, both exonic and intronic, have
also been shown to alter gene expression
1819 The function of intragenic methylation
is poorly understood, though some
hypothesize that it may increase efficiency
of transcription elongation by repressing
spurious intragenic transcription 2°, or it may
play a role in the regulation of gene splicing
when methylation sites occur at exon-intron
boundaries 8. Within the CDKN2A locus,
exon 2 methylation has been shown to
decrease pl6(INK4a) expression, and it is
being studied as a possible prognostic
biomarker in esophageal cancer 2! and
colorectal cancer 22, and this methylation
signature is also  associated  with
carcinogenesis in breast cancer # and
cervical cancer 2. Conversely, in a mouse
model of hepatocellular cancer evaluating
methylation and expression across several
genes, intragenic CDKN2A
hypermethylation was associated with
increased expression, although the study
included all intragenic CpG islands, not just
the CpG island found at exon 2 2,
Evidently, the relationship  between
methylation and CDKN2A expression in
HNSCC deserves further examination.
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Our previous work demonstrated that
HPV-positive tumors have a significantly
higher number of methylated CpG loci
compared to those that are HPV-negative !,
including a cluster of non-promoter CpG
sites located at an intronic CpG island
within the CDKN2A gene (Figure 2). Our
validation studies also demonstrated that
hypermethylation of the CDKN2A-specific
loci in  HPV-positive OPSCC were
associated with increased expression of
CDKN2A gene products (pl6INK4a and
pl4ARF), and, not surprisingly, these
molecular characteristics were associated
with improved survival 0. Interestingly, a
follow-up study of CDKN2A methylation
and transcript expression demonstrated the
same relationship was associated with
survival in a cohort of patients with
laryngeal squamous cell carcinoma, which
were largely HPV-negative 26, These results
have led to several new questions regarding
the relationship between HPV infection and
carcinogenesis in HNSCC. Specifically, it is
unclear if there is a causal link between
HPV infection and methylation of the
CDKN2A CpG sites. Additionally, since the
CpG islands in CDKN2A were not located in
the promoter region, it is not known whether
methylation of these sites contribute to or
control expression of the CDKN2A
transcripts. Given the importance of pl6
expression in the diagnosis and prognosis of
HPV-positive OPSCC, we have sought to
explore the relationship between
nonpromoter methylation and CDKNZ2A
transcription. Here, we demonstrate an in
vitro approach to investigate this question by
transfecting human keratinocytes with HPV-
16 oncogenes E6 and E7 and investigating
the temporal relationship between CDKN2A
methylation and transcription.
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Figure 2: Map of the CDKN2A locus showing the previously described region of non-promoter
hypermethylation. Map of the CDKN2A locus which encodes tumor suppressors pl4(ARF) and
pl6(INK4a). Both transcripts share CDKN2A exons 2 and 3, but they each have unique first exons and
promoter regions, as shown. Predicted CpG Islands are located at each promoter, across the entire exon 2,
and immediately before exon 3 (shown as a green bar). We previously described a region of CDKN2A
non-promoter hypermethylation that is associated with p14(ARF) and p16(INK4a) expression in primary
oropharyngeal and laryngeal tumors. The hypermethylated region (shown as a dark grey box) overlaps

with the CpG Island located directly upstream of exon 3.

2. Materials and Methods
2.1 Tissue Culture

Two vials of single donor primary
foreskin ~ normal Human  Epidermal
Keratinocytes (referred to as HEKe and
HEKn in this paper) were purchased from
Gibco® (Invitrogen, Carlsbad, CA). Primary
HEK cells were grown in Gibco® EpiLife™
Medium supplemented with Gibco® Human
Keratinocyte Growth Supplement and
Gibco® Penicillin-Streptomycin
(Invitrogen, Carlsbad, CA). As a control, the
HPV16-positive oral keratinocyte cell line
HOK16B (courtesy of Dr. No-Hee Park,
UCLA school of dentistry) was grown in
Gibco® EpiLife™ Medium supplemented
with Gibco® Human Keratinocyte Growth
Supplement, Gibco® Penicillin-
Streptomycin, and Gibco® 5% Fetal Bovine
Serum (Invitrogen, Carlsbad, CA). All plates
were coated with the Gibco® Coating
Matrix Kit Protein according to the
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manufacturer’s instructions
Gaithersburg, MD).

(Invitrogen,

Fresh medium was added to all cell
types every other day. All cells were
passaged at 80% confluency using Gibco®
TrypLE™ Express Enzyme (1X) without
phenol red (Invitrogen, Carlsbad, CA).
HEKe and HEKn cells were pelleted at
100xg for 5 minutes before plating. Medium
containing serum was used to dilute the
TrypLE solution before plating the
HOK16B cells.

2.2 Retroviral Transductions

The retroviral packaging line PA317
LXSN 16E6E7 was purchased from the
American Type Culture Collection (ATCC;
Manassas, VA). Cells were centrifuged at
125xg for 5 minutes and plated immediately
upon arrival. Cells were grown in Gibco®
DMEM low glucose, pyruvate medium
supplemented with Gibco® Penicillin-
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Streptomycin  and Gibco® 10% Fetal
Bovine Serum (Invitrogen, Carlsbad, CA).
Viral collection was done at 24 and 48 hours
after plating. The collected viral medium
was filtered using a Steriflip® 0.22um
Millipore  Express® Plus  Membrane
(Millipore, Burlington, MA). The collected
retrovirus was aliquoted and stored at -80°C.

To prepare for retroviral transductions,
primary HEKe cells were plated at a density
of 100,000 cells per well on a 6-well
Corning™ Costar™ Flat Bottom Cell
Culture plate (Corning, Corning, NY).
Serum free EpiLife™ medium was replaced
by filtered viral medium 24 hours after
plating. HEKe cells were treated with
10pg/mL of polybrene, and the plates were
rocked gently for 2 hours at 37°C. Fresh
serum free EpiLife™ medium was then
added to each well, and the cells were
incubated at 37°C overnight. The retrovirus
containing medium was removed the next
day, and fresh serum free EpiLife™ medium
was added to each well. Only one newly
transduced cell line (HEKe E6E7) survived
the polybrene treatment. Once the HEKe
EGE7 cells grew to 70% confluency, they
were passaged and expanded.

Retroviral transductions were also
done for primary HEKn cells. After viral
medium was added, the HEKn cells were
treated with 8ug/mL of polybrene, and the
plates were incubated at 37°C for two hours
with frequent rocking. Viral containing
medium was replaced with fresh serum free
EpiLife® medium, and the cells were
incubated at 37°C overnight. Four cell lines
were generated with this method (HEKn
E6E7 A, HEKn E6E7 B, HEKn E6E7 C,
and HEKn E6E7 D). Once the cells grew to
70% confluency, serum free EpiLife™
medium supplemented with 200pug/mL of
G418 Sulfate (Corning, Corning, NY) was
added to select for successful transduction.
Selection medium was used for a total of 5
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days. The surviving cells were transferred to
a larger plate and expanded once they
reached 70% confluency. Subsequent
passaging for all transduced lines was done
once the cells reached 80% confluency.

2.3 Montefiore Medical Center Primary
Tumors

Primary  HPV-positive  OPSCC
tumors from 8 patients undergoing treatment
at Montefiore Medical Center (MMC) in
Bronx, NY were used as a biological
reference for select genes. The patients used
in this study provided written consent under
a protocol approved by the Institutional
Review Board at MMC. The tumors were
snap-frozen in liquid nitrogen and kept
frozen at -80°C  until  processing.
Histological confirmation of the tumors was
performed as previously described .
Control samples were acquired and used to
determine percentage of tumor, degree of
necrosis, and lymphocytic infiltration as
previously described ?7. HPV status for each
tumor was determined by the presence of
DNA from the HPV L1 region and
expression of HPV16 oncogenes E6 and E7
28

2.4 RNA Collection and Expression Analysis

Total RNA was collected for primary
HEK cells, HEKe E6E7 cells, HEKn E6E?7,
and HOK16B cells using the RNeasy Mini
Kit (QIAGEN, Hilden, Germany) according
to the manufacturer’s protocol. All cells
were grown to 80% confluency before RNA
extraction. RNA extractions were done for
three flasks of primary HEKe and HEKn
cells at passage 5 as a negative control, and
three flasks of HOK16B cells as a positive
control. Extractions were done for three
flasks of HEKe EG6E7 cells at passages 2
(HEKe E6E7 P2) and 7 (HEKe E6E7 P7)
after transductions. RNA was extracted for
one flask of each HEKn EG6E7 cell line at
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passages 5 (HEKn E6E7 P5) and 10 (HEKn
E6E7 P10) after transductions.

RNA expression levels for the
pl4(ARF), pl6(INK4a), involucrin (IVL),
keratin 14 (KRT14), HPV-16 E6, HPV-16
E7, and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) genes were
quantified for all cells grown by real time
reverse transcriptase-PCR (gRT-PCR). In
addition,  expression levels for the
p14(ARF), p16(INK4a), HPV-16 E6, and
HPV-16 E7 genes were quantified for the 8
primary  HPV-positive  oropharyngeal
tumors. Tagman® RT-PCR probes were
used with the TagMan® RNA-to-Ct™ 1-
Step Kit (Applied Biosystems, Waltham,
MA) for 100ng of total RNA to obtain cycle
threshold (CT) values. All CT values were
normalized to GAPDH and subsequently
converted to Median Fold-Difference (2
AACTY values.

2.5 DNA Collection and Methylation
Analysis

DNA was collected for all cells grown
using the DNeasy Blood & Tissue Kit
(QIAGEN, Hilden, Germany) according to
the  manufacturer’s  protocol. = DNA
extractions were done in parallel with RNA
extractions, so that passage number and cell
confluency remained consistent between the
two experiments.

Methylation was assessed by the
Methylation Sensitive High Resolution
Melting (MS-HRM) protocol # as well as
subsequent sequencing. For this experiment,
methylation status for the previously
described CDKN2A intragenic region 1° was
done using two overlapping primer sets

(Primer Set I: (F) 5-
TCGGAAATTATTTGTGGGTTTGTAGA
AGTA-3’ and (R) 5’-

TTCCCGCATCCCCAAACATCTTTTA-
3’ Primer Set 2: (F) 5-
TTTTTAAGTGTAAATGTTGTT

Copyright 2020 KEI Journals. All Rights Reserved

TCGGGAGAAT-3’ and (R) 5’-
GATAACCAAAAAACGCCTCAAACTCT
AA-3"). DNA was bisulfite converted using
the EZ DNA Methylation Gold Kit (Zymo
Research, Irvine, CA) and percent
methylation was determined with the
LightCycler® 480 High Resolution Master
Kit (Roche, Indianapolis, Indiana) according
to the manufacturer’s protocol. Products
from the MS-HRM assay were then sent for
sequencing.

3. Results

3.1 Stable cell lines expressing HPV-16
oncogenes E6 and E7 were created from
primary HEK cells

Previously, we found that increased
expression of pl6(INK4a) and pl4(ARF),
two transcript variants from the CDKN2A
gene, correlated with methylation of
nonpromoter regions of the CDKN2A gene
in  both  HPV-positive oropharyngeal
squamous cell cancers and in laryngeal
squamous cell cancers regardless of HPV
infection 125, To determine if nonpromoter
methylation was required for expression of
CDKN2A gene transcripts or if HPV-16
oncogenes E6 and E7 could drive CDKN2A
transcription  without  methylation, we
transduced  primary  human  foreskin
keratinocytes from two separate donors
(HEKe and HEKnN) with a retrovirus
containing both HPV-16 oncogenes. One
HEKe E6E7 cell line and four HEKn EGE7
cell lines were created with the transduction
method. DNA and RNA were collected in
triplicate for the cells that survived the
transduction at two time points, with five
passages in between collections. The
primary keratinocytes stopped dividing and
displayed a differentiated keratinocyte
morphology in a smaller number of passages
than the transduced lines (data not shown),
which were maintained for 15 passages post-
transduction and then frozen for future use.

http://journals.ke-i.org/index.php/mra
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HPV-16 oncogene RNA expression was
then assessed by qRT-PCR for the primary
HEKe cells, the primary HEKn cells, the
HEKe EGE7 line, the HEKn E6E7 lines, and
an HPV16-positive oral keratinocyte cell
line (HOK16B). HPV-16 E6 and E7
expression for HOK16B, shown as the mean
ACT (n=3), was calculated using GAPDH as
the reference gene. HOK16B was then set as
the baseline (value of 1) for the Median
Fold-Difference calculations of viral RNA
levels for the HEKe EGE7 (n=3) and HEKn
E6E7 (n=4) lines at two time points (Table
1). The primary HEKe and HEKn cells did
not express E6 or E7 (data not shown). At
all of the time points, both HEKe E6E7 and

HEKn EGE7 expressed E6 and E7 at higher
levels than observed in HOK16B, shown as
the Median Fold-Increase. These data show
that we successfully created stable E6 and
E7 expressing HEK cell lines. In addition,
we also assessed the RNA expression of E6
and E7 for 8 primary HPV-positive OPSCC
tumors obtained from MMC MMC Primary
Tumors). HOK16B was again used as a
reference for expression in the Median Fold-
Difference calculations, shown as the
Median Fold-Increase. Primary tumor
median RNA levels for both E6 and E7 were
closer to reference HOK16B levels
compared to the transduced HEKe and
HEKDn lines.

HOK16B HEKe EGE7 P2

HEKe E6E7 P7

HEKn EGE7 P5 HEKn E6E7 P10 MMC Primary Tumors

Mean
ACT

Median
Fold-Increase

Median
Fold-Increase

SD cv

Genes

cv

Median
Fold-Increase

Median
Fold-Increase

Median
Fold-Increase

cv cv cv

HPV-16E6| -3.5 0.22 5.0 0.37 10.8

0.09

5.8 0.64 3.1 0.42 17 1.78

HPV-16E7| -2.0 0.22 5.2 0.36 10.5

0.09

3.6 0.67 2.5 0.42 0.8 1.66

Table 1: High levels of HPV-16 oncogenes E6 and E7 are observed for transduced HEKe and HEKn

cells at the first time point post-transduction.

RNA expression for HPV-16 oncogenes E6 and E7 was

determined by qRT-PCR for the HOK16B line, the HEKe E6E7 line at two time points, the HEKn E6E7
line at two time points, and 8 primary HPV-positive oropharyngeal tumors (MMC Primary Tumors). The
HOK16B line was used as a baseline for expression (value of 1). HOK16B RNA levels are shown as
mean ACT (n=3), and they were calculated using GAPDH as the reference gene. The standard deviation
(SD) is shown for baseline expression levels. Median Fold-Increases from baseline were then calculated
for HEKe E6E7 P2 (n=3), HEKe E6E7 P7 (n=3), HEKn E6E7 P5 (n=4), HEKn E6E7 P10 (n=4), and
MMC Primary Tumors (n=8). Coefficients of variation (CV; o/p) are shown for all Median Fold-Increase
values. We observed high levels of HPV-16 E6 and E7 for HEKe E6E7 and HEKn EGE7 lines at both
time points, suggesting that we successfully created stable cell lines.

3.2 Baseline host gene RNA levels were
established to determine Fold-Changes in
expression

Having established HEKe EG6E7 and
HEKn EGE7 cell lines, we wanted to assess
the time dependence of expression of
multiple host genes using qRT-PCR and
primary HEK cells as a baseline for
expression when compared to expression in

Copyright 2020 KEI Journals. All Rights Reserved

HEKe E6E7 line, HEKn EG6E7 lines, and
HOK16B. In addition to pl4(ARF) and
pl6(INK4a), we also chose to include
keratinocyte differentiation markers KRT14
(keratin 14, a marker for undifferentiated
keratinocytes) 3° and IVL (involucrin, a
marker  for  terminally differentiated
keratinocytes) ¥ as well as GAPDH
(glyceraldehyde 3-phosphate dehydroge-
nase, a housekeeping gene).
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Host gene expression was then
assessed for the primary HEKe cells, the
primary HEKn cells, the HEKe EGE7 line,
the HEKn E6E7 lines, and the HOK16B
cells (Tables 2-3). Expression for the
primary HEKe and HEKn cells, shown as
mean ACT (n=3), was calculated using
GAPDH as the reference gene. Primary
HEKe expression was then set as the
baseline (value of 1) for the Median Fold-
Change (n=3) calculations of host genes for
the two HEKe EGE7 times points. Similarly,
primary HEKn expression was set as the
baseline (value of 1) for the Median Fold-
Change (n=4) calculations of host genes for
the two HEKn EG6E7 time points. The
Median Fold-Difference (n=3) of host gene
expression for the HOKI16B line was
calculated with both the HEKe basline and
the HEKn baseline.

3.3 Keratinocyte differentiation markers
were used to assess differentiation after
transduction

Differentiation marker KRT14 s
expressed in the proliferative basal layer of
the stratified squamous epithelium 3,
conversely, IVL is expressed in cells that
have left the basal layer and have stopped
dividing *2. Primary Keratinocytes growing
in culture will contain a population of

Copyright 2020 KEI Journals. All Rights Reserved

terminally  differentiated  keratinocytes
expressing IVL 3. However, since HPV-16
oncogene expression suppresses cellular
differentiation and suspends keratinocytes in
a proliferative state %3¢, we expected to see
high levels of KRT14 and decreased levels
of IVL due to a decreasing population of
differentiated cells (Table 2). The baseline
ACT values for the primary cells were used
to determine the initial differentiation level
for each group of cells. At baseline, both
primary HEKe and HEKn cells had levels of
KRT14 that were higher than GAPDH,
indicated with a positive ACT value. Despite
the slight decrease of KRT14 in the HEKe
E6E7 and HEKn EG6E7 lines, both
transduced lines retained levels of KRT14
that were higher than GAPDH. Conversely,
the Median Fold-Change, shown as the
Median Fold-Decrease, for IVL decreased
for both the HEKe E6E7 and HEKn E6E7
lines by the second time point. The Median
Fold-Decrease for HOK16B IVL RNA
levels are well below the baseline levels
observed for the primary Kkeratinocytes
suggesting that long term maintenance of the
transductants might result in  further
decrease in IVL levels. Together, the KRT14
and IVL levels in the transduced lines
support  that the cells  remained
undifferentiated at the last RNA collection.

http://journals.ke-i.org/index.php/mra
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Baseline Primary HEKe

Primary HEKe HEKe EGE7 P2 HEKe EGE7 P7 HOK16B
Mean D Median v Median v Median cv

Genes ACT Fold-Decrease Fold-Decrease Fold-Decrease
KRT14 2.1 0.5 1.1 0.06 1.4 0.11 5.8 0.07
IVL -6.9 1.67 -1.3 0.23 4.2 0.24 67.8 0.11

Baseline Primary HEKn

Primary HEKn HEKn EGE7 P5 HEKn E6GE7 P10 HOK16B
Mean | ¢p Median cv Median cv Median cv

Genes ACT Fold-Decrease Fold-Decrease Fold-Decrease
KRT14 2.0 0.46 1.0 0.2 1.8 0.07 5.5 0.07
IVL -6.9 0.49 3.5 0.2 2.3 1.4 69.7 0.11

Table 2: RNA levels for KRT14 remained high and RNA levels for IVL remained low at two time points
post-transduction with HPV-16 E6 and E7. RNA expression for KRT14 and IVL was determined by
gRT-PCR for the HEKe E6E7 and HEKn EGE7 lines at two time points. RNA expression for both genes
was also determined by the same method for the HOK16B line for reference. The primary HEKe and
HEKn cells were used as a baseline of expression (value of 1) for their respective transduced lines.
Primary HEKe and HEKn RNA levels are shown as mean ACT (n=3), and they were calculated using
GAPDH as the reference gene. The standard deviation (SD) is shown for baseline expression levels. The
Median Fold-Decrease from the primary HEKe baseline was then calculated for HEKe E6E7 P2 (n=3)
and HEKe E6E7 P7 (n=3), and the Median Fold-Decrease from the primary HEKn baseline was
calculated for HEKn E6E7 P5 (n=4), and HEKn E6E7 P10 (n=4). Median Fold-Decreases from each
baseline were also calculated for the HOK16B line (n=3). Coefficients of variation (CV; o/u) are shown
for all Median Fold-Decrease values. Despite seeing a decrease in KRT14 in the transduced lines, KRT14
levels remained above GAPDH expression at the second time point. We observed high levels of KRT14
and low levels of IVL for HEKe E6E7 and HEKn E6E7 lines at both time points. These data support
minimal, if any, keratinocyte differentiation throughout our experiments.

3.4 Transduced HEK cells exhibit increased Fold-Increase, for the HEKe E6E7 and the
CDKNZ2A expression at early passages HEKn EGE?7 lines at the first time point. The
Median Fold-Change, shown as the Median
Fold-Increase, of pl4(ARF) and
pl6(INK4a) for the HEKe EG6E7 line
appears to increase with passage number,
while only p1l4(ARF) shows this trend for
the HEKn E6E7 lines. The Median Fold-
Increase for the HOK16B line and the
primary HPV-positive oropharyngeal tumors
(n=8) are shown for reference.

We then assessed the baseline RNA
levels of p14(ARF) and p16(INK4a) for the
primary Kkeratinocytes (Table 3). At
baseline, the pl4(ARF) and pl6(INK4a)
RNA levels were lower than HOK16B for
the primary HEKe and HEKn cells. Both
pl4(ARF) and pl6(INK4a) exhibited an
increase in expression, shown as Median
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Baseline Primary HEKe

Primary HEKe HEKe E6E7 P2 HEKe E6E7 P7 HOK16B MMC Primary Tumor]
Mean Median Median Median Median
SD cv cv cv
Genes ACT Fold-Increase Fold-Increase Fold-Increase Fold-Increase| CV
p14(ARF) -10.3 |[0.15 7.3 0.12 16.4 0.04 29.5 0.44 6.4 1.28
pl6(INK4a)| -10.6 |[0.25 31.1 0.1 71.3 0.21 92.4 0.47 7.8 1.28

Baseline Primary HEKn

Primary HEKn HEKn E6E7 P5 HEKn E6E7 P10 HOK16B MMC Primary Tumorf
Mean Median Median Median Median
SD cv cv cv
Genes ACT Fold-Increase Fold-Increase Fold-Increase Fold-Increase| CV
p14(ARF) -10.1 (0.44 4.0 0.28 5.4 0.16 24.9 0.44 5.4 1.28
p16(INK4a) -6.8 0.15 8.7 0.47 6.8 0.16 6.7 0.47 0.6 1.26

Table 3: RNA expression for both p14(ARF) and p16(INK4a) increase for HEKe E6E7 and HEKn E6E7
lines early after transduction with HPV-16 E6 and E7. RNA expression for p1l4(ARF) and pl16(INK4a
was determined by gRT-PCR for the HEKe E6E7 and HEKn E6E7 lines at two time points. RNA
expression for both CDKNZ2A transcripts was also determined by the same method for the HOK16B line
and 8 primary HPV-positive oropharyngeal tumors for reference. The primary HEKe and HEKn cells
were used as a baseline of expression (value of 1) for their respective transduced lines. Primary HEKe and
HEKn RNA levels are shown as mean ACT (n=3), and they were calculated using GAPDH as the
reference gene. The standard deviation (SD) is shown for baseline expression levels. The Median Fold-
Increase from the primary HEKe baseline was then calculated for HEKe E6E7 P2 (n=3) and HEKe E6E7
P7 (n=3), and the Median Fold-Increase from the primary HEKn baseline was calculated for HEKn EGE7
P5 (n=4), and HEKn E6E7 P10 (n=4). Median Fold-Increases from each baseline were also calculated for
the HOK16B line (n=3) and MMC Primary Tumors (n=8) for reference. Coefficients of variation (CV;
o/n) are shown for all Median Fold-Increase values. We observed an increase in both pl4(ARF) and
pl6(INK4a) for the HEKe E6E7 and HEKn E6E7 lines at both time points, suggesting an early
upregulation of CDKNZ2A transcription post-transduction with HPV-16 E6 and E7.

3.5 CDKN2A methylation is only observed
in transduced HEK cells at later passages

HEKe E6E7 line, HEKn EG6E7 lines, and
HOK16B.

As we have shown previously in primary
patient tumors °, there is an association
between CDKN2A variant expression and
CDKNZ2A intragenic CG dinucleotide (CpG)
methylation. Once we established that
increased CDKN2A expression occurs
shortly after HPV-16 oncogene expression,
we decided to assess the CDKN2A
methylation status for the HEKe E6E7 and
HEKn E6E7 lines. To test the relationship
between = CDKN2A  expression  and
methylation, we used the Methylation
Sensitive High Resolution Melting (MS-
HRM) assay and subsequent DNA
sequencing for the primary HEK cells,

Copyright 2020 KEI Journals. All Rights Reserved

With two overlapping primer sets and
multiple standards, we were able to generate
MS-HRM  curves and  approximate
percentage of CpG methylation for the
CDKNZ2A locus (Figure 3). Melting curves
for each line were compared to methylation
standards of 0%, 5%, 10%, 15%, 25%, 50%,
and 100%. The MS-HRM curve for primary
HEKe cells aligned with the unmethylated
standard curve (data not shown). Likewise,
the MS-HRM curve for HEKe E6E7 P2
(green curve) showed 0% methylation
(Figure 3A). Interestingly, the HEKe E6E7
P7 MS-HRM curve (green curve) aligned
with the 25% methylation standard (blue
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curve; Figure 3B). We observed the same
trend with the HEKn cells (Figure 3C).
Primary HEKn cells exhibited a baseline of
approximately 5% methylation, with no
detectable change in methylation for HEKn
E6E7 P5. As with the HEKe E6GE7 line, we
did observe approximately 25% methylation

for HEKn E6E7 P10. Thus, CDKN2A
intragenic methylation occurs more slowly
after transduction with HP-16 E6 and E7
(Figure 4) than the increase in CDKN2A
expression indicating that intragenic
methylation is not required for CDKN2A
transcription.

MS-HRM Curves HEKe EGE7 P2
1.000
0.900
Legend:
0.800
® 100% Methylation Standard
5 o @ 25% Methylation Standard
& 0% Methylation Standard
PR ® HEKe EGE7 P2
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o 0.400
3
[TH
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C
MS-HRM Methylation Results

-
N
—l

100%

N
o ~l o
b s e

Percent Methylation

N
<

0% 0%

Primary HEKe E6E7 HEKe E6E7 Primary HEKn E6E7 HEKn E6E7 HOK16B
HEKe P2 P7 HEKn P5 P10

Figure 3: An increase in CDKN2A intragenic methylation is observed at the second time point after
transduction with HPV-16 E6 and E7 for both HEKe and HEKn cells. CDKN2A methylation status was
determined by MS-HRM. Melting curves were generated for bisulfite converted DNA from primary HEK
cells, HEKe E6E7, HEKn EGE7, and HOK16B. 3A. Representative of HEKe E6E7 P2 melting curves for
primer set 1 in triplicates. MS-HRM standards shown are 100% methylated (red), 25% methylated (blue),
and 0% methylated (yellow). We observed 0% methylation for HEKe EG6E7 P2 (green). 3B.
Representative of HEKe E6E7 P7 melting curves for primer set 1 in triplicates. MS-HRM standards
shown are 100% methylated (red), 25% methylated (blue), and 0% methylated (yellow). We observed
approximately 25% methylation for HEKe E6E7 P7 (green). 3C. Overall MS-HRM results graphed as
percent methylation for each cell type. No methylation was detected with either primer set for primary
HEKe cells and HEKe E6E7 P2 (n=3). Primary HEKn cells started with a baseline of 5% methylation
(n=3) for both primer sets, and we observed no change in methylation for HEKn E6E7 P5 (n=4). We were
able to detect a clear increase in methylation for HEKe E6E7 P7 (n=3) and HEKn E6E7 P10 (n=4), both
show approximately 25% methylation based on the standards used for this assay. HOK16B, our HPV-
positive control, was 100% methylated (n=3).
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A HEKe E6E7 CDKN2A Methylation & Expression

Percent Methylation
n
abueys-plo4 ueipeiy

0 —
Primary HEKe HEKe E6E7 P2 HEKe EGE7 P7
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B HEKn E6E7 CDKN2A Methylation & Expression
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Figure 4: Increased CDKN2A expression is observed earlier than methylation for both HEKe and HEKn
cells post-transduction with HPV16 E6 and E7. Overlay of CDKN2A expression (Median Fold-Change)
determined by gRT-PCR and CDKN2A methylation status (Percent Methylation) determined by MS-
HRM. 4A. The CDKN2A Median Fold-Change for HEKe E6E7 P2 and HEKe E6E7 P7 cells were
determined using primary HEKe expression (Mean ACT, n=3; GAPDH expression — HEKe expression)
as a baseline (value of 1). We aobserved an increase in p14(ARF) and p16(INK4a) expression (yellow and
orange bar, respectively) for HEKe E6E7 P2, suggesting increased transcription of CDKN2A shortly after
transduction with HPV-16 oncogenes. Unlike CDKN2A expression, we only observed an increase in
CDKN2A intragenic methylation (blue bar) for HEKe E6E7 P7, suggesting a delayed response after
transduction with HPV-16 oncogenes. 4B. The CDKN2A Median Fold-Change for HEKn E6E7 P5 and
HEKn E6E7 P10 cells were determined using primary HEKn expression (Mean ACT, n=3; GAPDH
expression — HEKn expression) as a baseline (value of 1). We observed an increase in pl4(ARF) and
pl6(INK4a) expression (yellow and orange bar, respectively) for HEKn E6E7 P5, suggesting increased
transcription of CDKNZ2A shortly after transduction with HPV-16 oncogenes. Unlike CDKN2A
expression, we only observed a relative increase in CDKNZ2A intragenic methylation (blue bar) for HEKn
E6E7 P10, suggesting a delayed response after transduction with HPV-16 oncogenes.
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After establishing an approximate percent
methylation for CDKN2A, we sequenced the
products from the MS-HRM assay.
Sequencing of the CDKN2A intragenic
segment of primary HEK, HEKe E6E7, and
HOKZ16B cells, four HEKn EGE7 lines was
performed (Figure 5). As expected, all of
the CpGs in the region of interest for the
HOK16B cells were 100% methylated
(shown with a black circle). All of the CpGs
for both the primary HEKe and HEKe E6E7
P2 cells were 0% methylated (shown with
an empty circle), indicating no change after
transduction with HPV-16 oncogenes. We
did observe methylation for HEKe E6E7 P7,
although there was a mixture of 100%
methylated CpGs and partially methylated

. = Methylated

CpGs (shown with a grey circle). The HEKn
cells started with some methylation, but the
methylation pattern remained the same for
HEKn E6E7 P5 cells. Similar to HEKe
transduced cells, we observed an increase in
methylation for HEKn EGE7 P10 cells, even
though we were unable to get sequencing
data for a few of the CpGs (shown with a
blue circle). These data confirm our MS-
HRM results, and CDKNZ2A intragenic
methylation occurs after CDKN2A RNA
expression increases. Interestingly, the
methylation patterns for the HEKe E6E7 and
HEKn E6E7 lines were highly similar at the
second time point, suggesting a predictable
pattern of methylation over several passages.

Bisulfite Sequencing Results

= No Data

. = Partial Methylation
~

HOK168
Primary HEKe

HEKe EGE7 P2
HEKe EBGET7 P7

Primary HEKn

HEKn EBE7 P5

HEKn EGE7 P10

Figure 5: Increased CDKN2A intragenic methylation is confirmed to occur at the second time point post-
transduction with HPV-16 E6 and E7. MS-HRM results for the CDKN2A locus was validated via bisulfite
sequencing of MS-HRM products. The same overlapping primer sets were used to determine the
methylation status of the 282bp region with sequencing. The HOK16B line was used as the positive
control (100% methylation), and all the CpGs assayed were methylated (black circle). Primary HEKe and
HEKDn cells were used to set a baseline of starting methylation. All the CpGs assayed for the primary
HEKe cells were unmethylated (empty circle). The sequencing results of CpGs assayed for the primary
HEKDn cells were a mix of fully methylated (black circle) and partially methylated (grey circle), and 4 of
the CpGs assayed did not return sequencing results (blue circle). We did not detect a difference in
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methylation from baseline levels at the first time point after transduction with HPV-16 E6 and E7 for both
HEKe and HEKn lines. There was an increase in methylation at the second time point after transduction,
which was expected based on the MS-HRM assay. Bisulfite sequencing confirmed that there was increase
in methylated for HEKe EGE7 P7 and HEKn EGE7 P10, but there was no change in methylation at the

earlier time point.

4. Discussion

Our previous tumor classification
studies to distinguish HPV-positive and
HPV-negative HNSCC have established that
the ability to resolve optimal differences in
HPV-related OPSCC tumors is dependent
on the expression of HPV-16 oncogenes E6
and E7 ° Moreover, our analyses of
HNSCC suggest that HPV detection in
oropharyngeal tumors predicts survival,
particularly for those tumors expressing
HPV E6 and E7 *. There is now strong
biological evidence for the role of E6 and E7
oncoproteins as the critical viral genes that
cause cellular transformation and tumor
induction 8. There is also evidence of HPV-
16 E6 and E7 targeting critical epigenetic
modifier  proteins, such as histone
methyltransferases, for modulating specific
gene transcription in cervical cancer . Our
previous studies of human HNSCC
identified a 22 CpG HPV methylation panel
whose methylation status distinguishes
OPSCC tumors with active and latent HPV-
16 infections *°. Several of these epigenetic
changes targeted the CDKN2A locus from
which the pl6(INK4a) and pl4(ARF)
MRNA transcripts originate. It was therefore
prudent for us to test the hypothesis that
observed epigenetic and transcriptional
changes in the CDKN2A locus were
specifically related to the expression of E6
and E7 oncogenic proteins, and to measure
the temporal relationship observed in the
downstream CG dinucleotide enriched site
(CpG island) of CDKN2A and increased
expression of p16(INK4a) and p1l4(ARF).

Rather than use human keratinocytes
infected with the entire high risk HPV-16
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virus, we specifically measured E6 and E7
induced DNA methylation and mMRNA
changes in the CDKN2A locus using the
amphotropic  retrovirus LXSN16E6GE7,
which encodes both the HPV-16 E6 and E7
open reading frames under the control of the
moloney murine leukemia virus (MoMuLV)
promoter-enhancer sequences. Transduced
primary HEK cells expressed both HPV-16
oncogenes E6 and E7 as early as the first
time point post-transduction (passage 2 for
the HEKe E6E7 line and passage 5 for the
HEKn EGE7 line), as measured by real-time
PCR. This constitutive expression was
maintained throughout the experimental
timeline. This is not surprising as this vector
has been utilized previously in the
immortalization of several cell types,
including epithelial cell types 4042,

Accompanying the expression of
HPV-16 oncogenes E6 and E7 was an
increase in  expression of transcripts
originating from the CDKN2A locus. Both
pl4(ARF) and p16(INK4a) transcripts were
dramatically increased at the earliest
recorded time point (passage 2 for the HEKe
E6E7 line and passage 5 for the HEKn E6E7
lines) with the highest increase observed for
pl6(INK4a) (Median Fold-Increase of 31.1
for the HEKe E6E7 line; Table 3). These
expression changes observed in the HEKe
E6E7 line persisted and increased through
the second time point, giving transcript
levels comparable to those observed in the
HPV-positive HOK16B cell line. These
changes likely represent an HPV
oncoprotein-mediated cell cycle disruption
usually observed in HPV-positive HNSCC,
facilitated by the loss of Rb and the loss of
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feedback inhibition and overexpression of
p16(INK4a) (Figure 1) 3.

Also of interest were the
accompanying epigenetic changes in the
CDKNZ2A locus following transduction with
E6 and E7 oncoproteins. Our previous work
demonstrated a significant association
between HPV+/p16+ oropharyngeal primary
tumors and methylation of a CpG island
located downstream of the promoter region
in the CDKN2A locus (Figure 2) °. Using
MS-HRM to study DNA methylation
changes across the CpG island, we were able
to confirm that oncogenes E6 and E7 alone
were sufficient to induce an increase in
DNA methylation across this CpG island
region at the second time point post-
transduction (Figure 4). It should be noted
that nonpromoter DNA methylation did not
appear to be required for the increase in
pl4(ARF) and pl6(INK4a) transcripts, as
these changes did not begin to appear until a
25% methylation status at the later point. It
is possible that DNA methyltransferases
(DNMTs) are being recruited to the
CDKN2A locus after the upregulation of
transcription simply due to an open and
active chromatin conformation, and active
transcription or that other methylation
barriers may prevent methylation from
spreading to promoters 344,

It has been previously demonstrated
that viral oncoproteins are capable of
altering the methylome in tumor cells. Viral
oncoproteins such as adenovirus E1A and
HPV oncoprotein E7 have been shown to
bind and regulate DNMT1 methyltransferase
activity in vitro ®. Similarly, the HPV-16
oncoprotein E6 has been shown to
upregulate DNMT1 expression indirectly via
the E6-mediated degradation of p53 *°
These changes in DNMT1 activity have
effects on other downstream targets critical
in tumorigenic pathways, including E-
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cadherin and cyclin Al 54 and may be
responsible for the intragenic CDKN2A
methylation we observed in this study. It is
also likely that additional oncoprotein-
mediated alterations in gene expression are
linked to host DNA methylation #7.

In summary, our experiments
demonstrate, in primary human
keratinocytes, a more direct connection
between expression of viral oncogenes E6
and E7, and the nonpromter DNA
methylation changes within the CDKN2A
locus that accompany increase in the levels
of pl6(INK4a) and pl4(ARF) transcripts.
The expression of HPV-16 E6 and E7 alone
were sufficient to reproduce the intragenic
CDKN2A  methylation and increased
CDKN2A transcription signature associated
with HPV-positive OPSCC. With this study,
we were also able to show that intragenic
CDKN2A  methylation  occurs  after
pl4(ARF) and pl6(INK4a) transcription,
suggesting that CDKNZ2A gene expression is
independent  of  methylation.  Future
experiments will explore whether the
aberrant changes in DNA methylation
observed within this CpG island may affect
the binding of regulatory protein factors, or
possibly alter chromatin conformation in
such a way as to facilitate expression from
the CDKNZ2A locus.
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